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Abstract 14 
Room temperature ionic liquids (RTILs) have been widely investigated as alternative electrochemical solvents 15 
for a range of dissolved species over the past two decades. However, the behaviour of neutral radicals dissolved 16 
in RTILs is relatively unexplored. In this work, the electrochemistry of a stable verdazyl radical – 1,5-dimethyl-17 
3-phenyl-6-oxoverdazyl (MPV) – has been studied on a platinum thin-film electrode using cyclic voltammetry 18 
and chronoamperometry in ten different RTILs. The organic solvent propylene carbonate is also employed as a 19 
comparison. The nature of the solvent system was found to have a large effect on the electrochemical behavior, 20 
particularly on the reduction reaction of the verdazyl radical. Chronoamperometry on a microdisk electrode was 21 
used to calculate diffusion coefficients (D’s), and plots of D vs the inverse of viscosity were linear, suggesting 22 
typical hydrodynamic diffusional characteristics of the radical, in line with the behaviour of dissolved neutral 23 
and charged compounds (e.g. ferrocene and cobaltocenium) in RTILs. Overall, this study demonstrates that 24 
different RTILs have a significant influence on the electrochemistry of MPV, and therefore careful selection of 25 
the solvent system for electrochemical applications is advised.  26 
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Introduction 1 
Room-temperature ionic liquids (RTILs) are a unique class of solvents that are made up entirely of cations 2 
and anions. They are increasingly being recognised as ideal alternative electrolytes in a multitude of traditional 3 
and emerging electrochemical applications, such as batteries, sensors, actuators, capacitors, fuel cells, and 4 
photovoltaics.[1-6] They can effectively be described as an ‘electrolyte solvent’ as they serve as both the solvent 5 
and electrolyte in electrochemical experiments. RTILs have many key advantages over conventional solvents, 6 
including intrinsic ionic conductivity, high thermal and chemical stability, low volatility, good solvating 7 
properties, and wide electrochemical windows.[7-10] To understand their viability for use in different 8 
electrochemical applications, the fundamental electrochemical behaviour of dissolved species in RTILs must 9 
first be understood. Many electrochemical studies have been performed in RTILs, and the voltammetry has been 10 
compared and contrasted to conventional solvents in an extensive review paper.[11] 11 
One type of dissolved species that has received less attention in RTILs are neutral radical compounds.  Evans 12 
et al.[12] studied the stable free radical 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO) by cyclic voltammetry in 13 
five RTILs, observing differences in the voltammetry in two tetraalkylphosphonium ionic liquids. This was 14 
attributed to the formation of a more ordered bilayer structure consisting of alternating ionic and lipophilic 15 
regions. The mechanisms and reactions of some charged radical species – including the N,N,N′,N′‐tetramethyl‐16 
para‐phenylenediamine (TMPD) radical cation,[13] and the 1-bromo-4-nitrobenzene radical anion[14] – have been 17 
studied in RTILs. We note that many electrogenerated species in RTILs are radicals (e.g. superoxide radical 18 
anion,[15] N,N-dimethyl-p-toluidine (DMT) radical cation[16]) but their behaviour is often difficult to assess 19 
because of their short-lived nature at the electrode. In this work, the electrochemistry of a stable neutral verdazyl 20 
radical is studied in a range of RTILs to expand the knowledge of radical electrochemistry in these solvent 21 
systems. 22 
Neutral radicals are molecules that contain one (or more) unpaired electrons. These species do not obey 23 
conventional bond valence theory and as a result have fewer bonds than predicted, leading to the molecules being 24 
highly reactive and short lived.[17] However, there are a number of stable organic radicals that exist.[18] Stability 25 
in these systems tends to arise from the resonance delocalisation of unpaired spin and in some cases the steric 26 
protection of the high spin electron density. A number of applications are being developed based on stable 27 
radicals due to their unique redox properties.[19] Examples include both the development of species for use as 28 
single component conductors[20-21] and organic batteries.[22-23] It is the electron-transfer chemistry of these 29 
molecules which determines the usefulness of radical species, such as redox potentials.[24-25] Electrochemistry is 30 
an essential tool used to understand these processes.[26-27] 31 
Verdazyls (Type I and II) are one such highly stable organic radical system (Fig. 1).[28-30] These heterocyclic 32 
molecules have an unpaired spin density that is delocalised over the nitrogen atoms. These molecules are stable 33 
in both air and water making them ideal candidates for understanding the electrochemical properties associated 34 
with the unpaired electrons. Type II verdazyls have been shown to be difficult to oxidize due to the electron 35 
withdrawing nature of the carbonyl functionality.[24, 31] The twisting of the molecule around the N-substituents 36 
can further add to this as it is associated with a decrease in the delocalisation of the unpaired electron.[32] Based 37 
on our literature search, the electrochemistry of various verdazyl (Type I and II) molecules has been studied 38 
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previously in various conventional solvents and mixtures (e.g. THF, triethylamine, acetonitrile, etc.),[24-25] but 1 
not in RTILs. In conventional solvents, the verdazyls were observed to undergo a one-electron oxidation from 2 
the neutral 7π radical to the 6π cation, and a one-electron reduction to the 8π anion (Fig. 2).[24] The oxidation and 3 
reduction potentials are significantly affected by the electron donating and withdrawing substituents present on 4 
the radical.[24] The 1,5-dimethyl-3-phenyl-6-oxoverdazyl (MPV) molecule, with  methyl as both the R1 and R2 5 
substituents, will be the focus of this work (Fig. 3). This radical has specifically been explored as a mediator in 6 
RAFT polymerization of styrene and n-butyl acrylate.[33-34] 7 
 8 
Fig. 1 Type I and II verdazyl radicals 9 
 10 
Fig. 2 Proposed mechanism for verdazyl radicals in conventional organic solvents adapted from Gilroy et al.[24] 11 
 12 
Fig. 3 Chemical structure of the Type II verdazyl, 1,5-dimethyl-3-phenyl-6-oxoverdazyl (MVP) used in this work. 13 
Given the obvious advantages of RTILs as solvent systems, and the potential applications of the family of 14 
verdazyl radicals, we present a first look into the electrochemical mechanism of MPV (Fig. 3) in RTILs. We 15 
discuss the relationship between diffusion coefficient and solvent viscosity in terms of hydrodynamic theory and 16 
Stokes-Einstein behaviour. The findings in this study will be valuable in the understanding of the effect of 17 
solvation on the electrochemical behavior of a neutral radical, and to guide the selection of solvents for different 18 
electrochemical applications of these emerging and interesting materials. Additionally, understanding the 19 
electrochemistry of verdazyl radicals in RTILs is of great significance in future applications where they may be 20 
used concomitantly. An example is in batteries, where improved energy density can be achieved by increasing 21 
the concentration of the redox species in the catholyte. The use of RTILs with a stable and soluble redox 22 
compound is one solution for the development of new battery materials with higher energy storage 23 
 
 
 4 
capabilities.[35] The stable verdazyl radical is a good candidate for such applications and warrants greater 1 
investigation to understand the underlying electrochemical behaviour of this species in RTILs. 2 
 3 
Experimental 4 
Chemicals and reagents 5 
All reagents for the synthesis of MPV (see Supporting Information) were purchased from Sigma-Aldrich or 6 
Alfa Aesar and used without further purification, unless otherwise stated. The RTILs 1-ethyl-3-7 
methylimidazolium bis(trifluoromethylsulfonyl)imide ([C2mim][NTf2]), 1-butyl-3-methyl-imidazolium 8 
bis(trifluoromethylsulfonyl)imide ([C4mim][NTf2]), N-butyl-N-methylpyrrolidinium bis(trifluoro-9 
methylsulfonyl)imide ([C4mpyrr][NTf2]), and 1-butyl-3-methylimidazolium tetrafluoroborate ([C4mim][BF4]) 10 
were obtained from IoLiTec (Heilbronn, Germany) at the highest purity available (> 99.5 %). The RTILs 1-11 
hexyl-3-methylimidazolium trifluorotris(pentafluoroethyl)phosphate ([C6mim][FAP]), 1-butyl-3-methyl-12 
imidazolium hexafluorophosphate ([C4mim][PF6]), and trihexyltetradecylphosphonium pentafluoroethyl-13 
trifluorophosphate ([P14,6,6,6][FAP]) were purchased from Merck KGaA (Kilsyth, Victoria, Australia) at “ultra-14 
high” purity (< 99 %) grade. The RTIL trihexyltetradecyl-phosphonium bis(trifluoromethylsulfonyl)imide 15 
([P14,6,6,6][NTf2]), kindly donated by Prof Chris Hardacre, and was synthesized according to standard literature 16 
procedures.[36-37]  The chemical structures and abbreviations of RTIL cations and anions are shown in the 17 
Supporting Information. All RTILs were used as received, however, the blank voltammetry of all RTILs were 18 
tested to ensure that there were no obvious voltammetric features from impurities within the available potential 19 
window relative to the measured peaks. Propylene carbonate (PC, anhydrous, 99.7 %), ferrocene (Fc, Fe(C5H5)2, 20 
98 %) and tetra-N-butylammonium perchlorate (TBAP, 98 %), acetonitrile (MeCN, 99.8 %), methanol (99.9 %), 21 
and acetone (99.9 %)  purchased from Sigma-Aldrich (NSW, Australia), and ultrapure water (resistance = 22 
18.2 MΩ∙cm, prepared by an ultrapure laboratory water purification system from Millipore Pty Ltd., North Ryde, 23 
NSW, Australia) were used for rinsing the electrodes before and after use. Hexaammineruthenium(III) chloride 24 
Ru(III)Hex, 98% (Sigma-Aldrich) and potassium chloride (KCl, > 99.5%, Fluka, Buchs, Switzerland) were used 25 
to prepare a 1 mM solution of Ru(III)Hex with 0.1 M KCl(aq) in ultrapure water for the calibration of the 26 
microdisk electrode radius. 27 
Synthesis and characterisation of verdazyl radical 28 
Detailed synthetic procedures for the verdazyl radical used in this work are reported in the Supporting 29 
Information. All reactions were carried out using aerobic conditions with magnetic stirring, unless otherwise 30 
stated. All reaction temperatures refer to oil bath temperatures. Thin layer chromatography (TLC) was performed 31 
on Merck silica gel 60 F254 pre-coated aluminium sheets. Visualisation of developed plates was achieved through 32 
the use of a 254 nm UV lamp. Column chromatography was performed using silica gel as supplied by Davisil® 33 
(chromatographic silica particle size: 40-63 µm). 34 
Nuclear magnetic resonance spectra were recorded using a Bruker Advance 400 spectrometer (400 MHz 35 
for 1H NMR; 100 MHz for 13C NMR) at 300 K. All NMR spectra were calibrated to residual solvent signals. 36 
Data are reported as follows: chemical shift, multiplicity (app = apparent, s = singlet, d = doublet, t = triplet, q = 37 
quartet, m = multiplet, br = broad, sept = septet), integration, assignment and coupling constant. Infrared spectra 38 
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were recorded using an attenuated total reflectance PerkinElmer UATR Two Spectrum2 with a diamond stage. 1 
IR spectra were recorded from 4000‐400 cm−1. Melting points were determined using a BI Barnstead 2 
Electrothermal 9100 apparatus. UV absorption spectra were recorded on a Agilent Technologies Cary Series 3 
UV-vis Spectrophotometer in methanol using a cuvette with a 1.0 cm path length. Elemental analyses were 4 
carried out on bulk samples using a Thermo Finning EA 1112 Series Flash. ESR spectra of the resultant molecule 5 
were then recorded on a Bruker ESP300E spectrometer at room temperature (294 ± 1 K) with an ER4102ST 6 
cavity with the microwave frequency measured by the integral counter and the magnetic field measured by an 7 
ER035 NMR guassameter. 8 
Instrumental 9 
Electrochemical experiments were conducted using a PGSTAT101 Autolab potentiostat (Eco Chemie, 10 
Netherlands), interfaced to a PC with NOVA 1.11.2 software. The electrochemical cell was placed inside a 11 
custom-made aluminum Faraday cage in a fume cupboard at standard laboratory temperature (294 ± 1 K). For 12 
cyclic voltammetry (CV) experiments, platinum thin-film electrodes (TFEs, Micrux Technologies, Oviedo, 13 
Spain) were used, consisting of a 1 mm diameter Pt working electrode, together with Pt counter and reference 14 
electrodes in a planar configuration. Before employing the TFEs for mechanistic studies, they were first activated 15 
in a solution of 0.5 M H2SO4 by continuous CV cycling (ca. 50 cycles at 500 mV s–1) over a potential range of -16 
0.4 to 1.3 V. It was noted that the Pt electrode tends to foul after scanning the reduction peak of MVP, leading 17 
to an altered CV response. This was especially significant at low scan rates (e.g. 50 and 10 mV s-1), and in the 18 
more viscous RTILs. Typically, the response recovers from fouling by waiting ~15 mins, so 15 mins was left 19 
between each CV scan to allow the system to fully recover.  20 
The verdazyl radical was prepared in RTILs at a concentration of 10 mM and appeared to fully dissolve with 21 
no visible precipitates. A 15 μL aliquot of the radical solution in RTIL was then added onto the activated Pt-TFE 22 
for the voltammetry experiments. For experiments with ferrocene as an internal reference, a 15 μL aliquot of 2 23 
mM Fc in MeCN was added onto the Pt-TFE at the end of each experiment and the MeCN was allowed to 24 
evaporate under a stream of nitrogen gas to leave a concentration of 2 mM in the RTIL/verdazyl solution.  25 
For characterising the diffusion coefficient (D), a conventional two-electrode arrangement was employed, 26 
with a homemade platinum microelectrode (radius 8.29 ± 0.03 μm) as the working electrode and a 0.5 mm 27 
diameter silver wire (Sigma-Aldrich) as a combined counter electrode and quasi-reference electrode. The 28 
microdisk electrode was polished on soft lapping pads (Buehler, Lake Bluff, IL) with alumina powder of 29 
decreasing size (3, 1, and 0.5 μm, Kemet, NSW, Australia). The working electrode radius was calibrated using 30 
chronoamperometry with a 1 mM Ru(III)Hex in 0.1 KCl(aq) solution and adopting a value for the diffusion 31 
coefficient of 8.43 × 10-10 m2 s-1 at 298 K.[38] A reservoir at the tip of the electrode was created with a segment 32 
of a 2–200 μL micropipette tip, into which microliter quantities (ca. 20 μL) of the RTIL could be placed. The 33 
electrodes were housed inside a glass ‘T-cell’,[39] and the RTIL containing the sample to be analysed was first 34 
purged under high vacuum (Edwards high vacuum pump, Model ES 50) to remove oxygen and dissolved 35 
atmospheric moisture for > 60 mins, before introducing N2-gas at 1000 standard cubic centimetres per minute 36 
(sccm) under continuous flow during measurements.  37 
 38 
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Calculation of diffusion coefficients 1 
Chronoamperometric transients were taken by holding the potential at 0 V for 60 s for pretreatment, before 2 
stepping to a potential after the first oxidation peak and holding for 10 s with a sampling rate of 0.01 s. 3 
Experimental data was modelled with the Shoup and Szabo approximation[40] using the nonlinear curve fitting 4 
function in Origin 8.6 (Herne Scientific Software, Australia). The equations used in the modelling of the 5 
chronoamperometric transients are:[40] 6 
𝐼 = −4𝑛FD𝑐𝑟𝑑𝑓(𝜏)      (1) 7 
𝑓(𝜏) = 0.7854 + 0.8863𝜏−1/2 + 0.2146𝑒−0.7823𝜏
−1/2
    (2) 8 
τ is the time constant given as follows, 9 
𝜏 =
4𝐷𝑡
𝑟𝑑
3        (3) 10 
where n is the number of electrons transferred, F the Faraday constant, D the diffusion coefficient, c the initial 11 
concentration of the Type II verdazyl radical, rd the microdisk electrode radius, and t the time. Experimental data 12 
was iteratively fitted using a fixed rd (obtained from calibration), to obtain values of D in each RTIL. 13 
  14 
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Results and Discussion 1 
Cyclic voltammetry of 1,5-dimethyl-3-phenyl-6-oxoverdazyl (MVP) in different solvents 2 
The electrochemical behaviour of MPV in ten different RTILs was first investigated using cyclic voltammetry 3 
(CV) and compared with the behaviour in a conventional aprotic solvent, propylene carbonate (PC) with 0.1 M 4 
TBAP (Fig. 4). PC was selected due to its very low volatility (boiling temperature = 240 °C) and its properties 5 
as a ‘versatile solvent for electrochemistry’.[41] For example, it has been used as a solvent for various applications 6 
including ammonia gas sensing.[42] The voltammetry of this particular verdazyl radical (Fig. 3) has not yet been 7 
reported in the literature, so its behaviour in a conventional solvent system such as PC is important to study. 8 
The potentials are scanned positively over the oxidation peak, before reversing to scan over the reduction 9 
peak. The CVs in Fig. 4 were taken at a relatively fast scan rate of 2000 mV s-1, since the electrode was observed 10 
to ‘foul’ during cathodic CV measurements, particularly at lower scan rates in some RTILs. The fouling is likely 11 
to be caused by the build-up of electrogenerated products from the reduction process – see discussion on the 12 
mechanism below.  Due to the use of a quasi-reference electrode, the potentials of all CVs were corrected with 13 
respect to an internal reference – the ferrocene/ferrocenium (Fc/Fc+) redox couple – to allow comparison of the 14 
redox potentials in the different solvents. The same reference system was used in the study of verdazyl radicals 15 
in acetonitrile and dichloromethane.[24-25] 16 
As can be seen in Fig. 4, the CVs typically show one oxidation peak and one reduction peak, consistent with 17 
the general mechanism reported for verdazyl radicals in acetonitrile and dichloromethane (Fig. 2).[24] Additional 18 
oxidation and reduction peaks are observed when the scan range is increased (see supporting information 19 
Fig. S1), but the discussion will be limited to the first oxidation and first reduction peak only. The oxidation peak 20 
in Fig. 4 displays good chemical reversibility in all solvents – with the exception of [C4mim][BF4] – as evidenced 21 
by the presence of an obvious reduction peak on the reverse scan. In [C4mim][BF4], the 6 verdazyl cation likely 22 
reacts with the [BF4]- anion, resulting in a loss of the reverse peak. A pre-peak shoulder is also observed in this 23 
RTIL, hinting of a different mechanism compared to the other RTILs.  24 
The verdazyl radical reduction peak, however, exhibits vastly different voltammetry in the different solvents. 25 
In the conventional solvent, PC, the reduction is chemically reversible (Fig. 4a), although the CV shape is much 26 
broader compared to the oxidation peak, suggesting that the reduction step has more sluggish electrochemical 27 
kinetics (see discussion below). In most of the RTILs, the oxidative back-peak following the reduction process 28 
(oxidation of the 8 verdazyl anion back to the neutral radical) is absent, suggesting that the 8 verdazyl anion 29 
in unstable and probably reacts with the RTIL cation. The imidazolium cation is known to undergo proton 30 
abstraction from the C(2) position, in the presence of a strong base.[43] However, even in the sulfonium [S2,2,1]+, 31 
ammonium [N4,1,1,1]+ and pyrrolidinium [C4mpyrr]+ RTILs, the voltammetry shows similar behaviour (Fig. 4). 32 
The reduction peak in some RTILs shows a split-wave feature, further hinting of a more complicated mechanism 33 
at play. The only RTIL that displays a clear reverse peak is [C4mim][PF6], but the current for the reduction peak 34 
is much larger than the oxidation peak, decreasing the likelihood that the reduction is a one-electron reversible 35 
reduction as described in Fig. 2. An obvious reduction peak is not observed in the RTILs [P14,6,6,6][NTf2] and 36 
[P14,6,6,6][FAP], but the sloping current increase suggests that a reduction process is taking place. Unusual 37 
voltammetry of species dissolved in RTILs with the [P14,6,6,6]+ cation has been reported in the literature several 38 
times.[44-46] We note that water may also play a role in the mechanism, since water is known to be present at ppm 39 
 
 
 8 
levels in RTILs even after rigorous drying procedures (e.g. under vacuum).[47]  Our experiments were carried out 1 
under a constant stream of dry nitrogen at a high flow rate of 1000 sccm to ensure that the water content was 2 
kept as low as possible during the measurements, and that this effect is minimal. 3 
Table 1 summarises the data extracted from the CVs in Fig. 4, including the peak potentials (Ep vs. Fc/Fc+), 4 
peak currents (Ip) and the peak-to-peak separations (∆Ep) of the oxidation and reduction peaks. For easy 5 
visualization of the differences between the solvents, histogram plots of these values are also provided in the 6 
supporting information (Fig. S2 and Fig. S3).  7 
 8 
Fig. 4   Cyclic voltammograms of 10 mM MPV at a scan rate of 2000 mV s-1 on a Pt-TFE in: (a) PC (+0.1 M TBAP), 9 
(b) [C2mim][NTf2], (c) [S2,2,1][NTf2], (d) [C4mim][NTf2], (e) [C6mim][FAP], (f) [C4mpyrr][NTf2], (g) [C4mim][BF4], (h) 10 
[N4,1,1,1][NTf2], (i) [C4mim][PF6], (j) [P14,6,6,6][NTf2] and (k) [P14,6,6,6][FAP]. The potentials were shifted so that the 11 
midpoint of the ferrocene/ferrocenium (Fc/Fc+) redox couple was at 0 V. 12 
The oxidation potentials (Ep) of the radicals were similar to that in PC at ca. 0.3 V vs. Fc/Fc+ (Table 1), with 13 
the exception of [C6mim][FAP] and the two [P14,6,6,6]+ RTILs. The larger [P14,6,6,6]+ and [FAP]- ions probably 14 
provide poorer solvation of the electrogenerated verdazyl cation compared to the other RTIL ions, making the 15 
oxidation reaction less favourable. The reduction peak potential is more variable across the RTILs, ranging from 16 
-1.09 to -1.36 V, suggesting that the reduction mechanism is more strongly affected by the solvent environment 17 
compared to the oxidation reaction. Reduction potentials in the two [P14,6,6,6]+ RTILs could not be extracted from 18 
the CVs due to the absence of a clear peak. The 8π verdazyl anion therefore appears to be much less stable in 19 
RTIL environments compared to the 6π verdazyl cation. 20 
 21 
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Table 1   Peak potentials, Ep, peak currents, Ip, and peak-to-peak separations, ∆Ep, for the CV of 10 mM MPV at 2000 mV s-1 
1. Data extracted from CVs in Fig. 4 and Fig. S1. Numbers in brackets are estimated because of the absence of a clear peak 2 
  Oxidation  Reduction 
Electrolyte  
Ep / mV  
vs. Fc/Fc+ 
Ip / µA ∆Ep / mV  
Ep / mV 
vs. Fc/Fc+ 
Ip / µA ∆Ep / mV  
0.1M TBAP in PC  0.33 11.0 81  -1.36 -5.56 190  
[C2mim][NTf2]  0.31 1.82 95  -1.27 -2.77 393  
[S2,2,1][NTf2]  0.30 0.53 83  -1.10 -0.90 n/a  
[C4mim][NTf2]  0.32 1.40 110  -1.10 -1.24 n/a  
[C6mim][FAP]  0.42 1.01 93  -1.20 -0.99 278  
[C4mpyrr][NTf2]  0.31 1.31 98  -1.19 -1.02 n/a  
[C4mim][BF4]  0.28 1.97 n/a  -1.11 -1.29 n/a  
[N4,1,1,1][NTf2]  0.31 0.60 95  -1.09 -1.00 n/a  
[C4mim][PF6]  0.32 0.54 110  -1.36 -1.34 671  
[P14,6,6,6][NTf2]  0.53 2.01 248  n/a (-1.50) n/a  
[P14,6,6,6][FAP]  0.47 0.82 93  n/a (-0.88) n/a  
 3 
The peak-to-peak separations give an indication of the kinetics of the electrochemical step. For the oxidation 4 
reaction, a ∆Ep of 81 mV in PC implies a moderately fast electrode process, but not as fast as the ∆Ep of 59 mV 5 
expected for an ideal one-electron process.[48] In RTILs, the peak-to-peak separations are similar but slightly 6 
larger than PC, ranging from 83–110 mV, suggesting more moderate kinetics in some of the RTILs. The RTIL 7 
[P14,6,6,6][NTf2] displayed a much larger ∆Ep of 248 mV for the oxidation peak, indicating the slowest kinetics 8 
out of all the solvents studied. In contrast to the oxidation peaks, the reduction processes are mostly irreversible 9 
such that a ∆Ep cannot be measured. Only three RTILs show a reverse peak, and these display much larger peak-10 
to-peak separations compared to the oxidation peak: [C2mim][NTf2] (∆Ep = 393 mV), [C6mim][FAP] (∆Ep = 11 
278 mV), and [C4mim][PF6] (∆Ep = 671 mV). They are also wider than the ∆Ep = 190 mV in PC, hence 12 
suggesting that the reduction process is highly dependent on the solvation environment. 13 
Redox Behaviour of the Verdazyl Radical at Different Scan Rates 14 
To understand more about the diffusional behaviour of the verdazyl radical in the different solvents, CV was 15 
carried out at a range of scan rates from 100 to 2000 mVs-1 (Fig. 5). The number of CV scans were minimised 16 
due to obvious ‘fouling’ of the electrode that was observed, particularly at scan rates < 100 mVs-1, likely because 17 
of adsorption of electrogenerated products on the electrode. The number of scan rates conducted were limited to 18 
four (2000, 1000, 250, 100 mV s-1) in most of the solvents, except for in PC, [C2mim][NTf2], [C4mim][NTf2], 19 
and [C4mpyrr][NTf2], where fouling was less noticeable. In these RTILs, fouling could be avoided if the system 20 
was left for ~15 mins between scans, presumably due to the slow diffusion of the electrogenerated products away 21 
from the surface. Plots of peak current vs scan rate were linear for both oxidation and reduction peaks in all 22 
RTILs (see Fig. S4 in the supporting information), suggesting that the electrode processes are diffusion 23 
controlled. For voltammetric waves without a clear peak – particularly [N4,1,1,1][NTf2], [P14,6,6,6][NTf2], and 24 
[P14,6,6,6][FAP] – currents were extracted at fixed potentials where clear peaks exist at lower scan rates.  25 
The peak-to-peak potentials (∆Ep) for the oxidation peak do not significantly change with scan rate (data not 26 
shown), consistent with a relatively fast electrode process. However, in the solvents where reverse peaks are 27 
observed, the redox couple for the reduction peak becomes more separated (i.e. increased ∆Ep) with increasing 28 
scan rate, consistent with slower kinetics of the reduction process.  29 
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 1 
Fig. 5   Cyclic voltammograms at varying scan rates (2000, 1000, 250, 100 mV s-1) of 10 mM MPV on Pt-TFEs in different 2 
solvents/RTILs: (a) PC (+0.1 M TBAP), (b) [C2mim][NTf2], (c) [S2,2,1][NTf2], (d) [C4mim][NTf2], (e) [C6mim][FAP], (f) 3 
[C4mpyrr][NTf2], (g) [C4mim][BF4], (h) [N4,1,1,1][NTf2], (i) [C4mim][PF6], (j) [P14,6,6,6][NTf2] and (k) [P14,6,6,6][FAP] (with 4 
selected RTILs carried out at 2000, 1500, 1000, 750, 500, 250, 100, 50, 10 mVs-1). The potentials were shifted with respect 5 
to the average potentials of ferrocene/ferrocenium (Fc/Fc+) peaks. 6 
Due to the good reversibility of the reduction peak in PC, further analysis was undertaken. Fig. 6 shows a plot 7 
of the ratio of the reverse current divided by the forward (reduction) peak current. The ratio is highest at slow 8 
scan rates and decreases as the scan rate increases. Similar behaviour is also observed for the ratio of the charge 9 
under the peaks vs scan rate in PC (see Fig. S5). This behaviour is opposite to what would be expected if a 10 
chemical step occurs after the electrochemical step, since faster scan rates would outrun the kinetics of the 11 
chemical step such that a larger reverse peak would be observed at high scan rates. Instead, it is possible that 12 
differences in the solvation of the neutral radical versus the charged product can lead to different electrode 13 
kinetics between the two species due to different solvation/desolvation energies.[49] This is evident in the much 14 
more broad nature of the anodic back-peak compared to the reduction peak in PC in Figure 5a. Plots of the 15 
reverse/forward peak current ratios for all RTILs are shown in the supporting information (Fig. S6); many of the 16 
RTILs follow a similar trend, suggesting a similar behavior is occurring, although this may be combined with 17 
follow-up chemical steps in RTILs as discussed above. 18 
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 1 
Fig. 6 Plots of the background corrected reverse divided by forward peaks currents of the first reduction peak of 10 mM 2 
MPV at different scan rates (Fig. 5) on Pt-TFE in 0.1 M TBAP in PC. 3 
Chronoamperometric analysis 4 
Potential step chronoamperometry was carried out to determine the diffusion coefficient, D, of the verdazyl 5 
radical in the different solvents. The oxidation peak was chosen for analysis due to the more ideal CV shape 6 
compared to the reduction peak, and the oxidative chronoamperometric transient was iteratively fitted to the 7 
Shoup and Szabo expression.[40] Table 2 shows the D values from the oxidation of the verdazyl radical calculated 8 
in PC and the ten different RTILs.  9 
Table 2 Viscosity, ɳ, at 293 K[50-52] of the different solvents, and diffusion coefficients, D, for MPV, calculated from fitting 10 
chronoamperometric transients to the Shoup and Szabo expression.[40] 11 
RTIL  ɳ / cP 
D / m2 s-1 
× 10-11 
0.1 M TBAP in PC 2.47 [49] 49.7 
[C2mim][NTf2] 34 [47] 2.60 
[S2,2,1][NTf2] 50 [48] 1.30 
[C4mim][NTf2] 52 [47] 1.80 
[C6mim][FAP] 74 [47] 1.06 
[C4mpyrr][NTf2] 89 [47] 1.50 
[C4mim][BF4] 112 [47] 0.76 
[N4,1,1,1][NTf2] 138 [48] 0.76 
[C4mim][PF6] 371 [47] 0.31 
[P14,6,6,6][NTf2] 450 [47] 0.34 
[P14,6,6,6][FAP] 464 [47] 0.20 
According to classic hydrodynamic theory, the diffusion coefficient (D) of a species should be inversely 12 
proportional to the solvent viscosity (η) in line with the Stokes-Einstein equation: [53] 13 
      𝐷 =
𝑘𝐵𝑇
𝑗𝜋𝜂𝛼
      (1)  14 
where kB is the Boltzmann constant, T is temperature, α the hydrodynamic radius of the diffusing particle, j = 4 15 
is for the ‘slip’ limit, and j = 6 is for the ‘stick’ limit modes of diffusion. In RTILs, a linear relationship between 16 
D and the inverse of viscosity is generally observed for neutral compounds such as ferrocene[46], 2,4,6-17 
trinitrotoluene[45], 2,4-dinitrotoluene[54], a rhenium tetrazolato complex (fac-[Re(CO)3(phen)L])[55], the charged 18 
cobaltocenium cation[46] and the stable free radical, 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO)[12]. In most 19 
 
 
 12 
cases, the ‘stick’ mode of diffusion is followed in RTILs,[45-46, 55] with some exceptions where j is closer to 4, 1 
and this behaviour is widely considered to be a “topic of interest”.[56-58] For sufficiently small species (e.g. 2 
oxygen[44], hydrogen[59], and sulfur dioxide[60]) deviations become more pronounced in RTILs as the molecule is 3 
able to move through the small dynamic channels and pores, leading to D values that are only partially dependent 4 
on the self-diffusion of the solvent itself.[61] 5 
Fig. 7 shows a plot of D against the inverse of viscosity, ɳ-1, in the ten RTILs. The diffusion coefficients were 6 
1-2 order of magnitudes smaller in the RTILs than in PC, which is not unexpected, considering the much higher 7 
viscosities of the RTILs (Table 2). A reasonably linear fit (R2 = 0.907) was obtained, suggesting that the diffusion 8 
of 1,5-dimethyl-3-phenyl-6-oxoverdazyl in RTILs agrees reasonably well with the Stokes-Einstein relationship. 9 
From the slope of the fit, the hydrodynamic radius, α, was calculated to be 2.7 Å for the slip limit (j = 4), and 10 
4.0 Å for the stick limit (j = 6) modes of diffusion. The estimated value of α from the density functional theory 11 
(DFT) optimised structure of MPV was 6.5 Å, suggesting that the dominant diffusion mechanism of the radical 12 
in RTILs is likely to be the ‘stick’ mode. However, we note that the presence of additional oxidation processes 13 
in the CVs (see supporting information), together with some noticeable fouling of the electrode surface, could 14 
affect the reliability of the chronoamperometric fitting, and this should be used as a qualitative guide only.  15 
 16 
Fig. 7 Plot of the diffusion coefficient vs. 1/viscosity in (a) C2mimNTf2, (b) S2,2,1NTf2, (c) C4mimNTf2, (d) C6mimFAP, 17 
(e) C4mpyrrNTf2, (f) C4mimBF4, (g) N4,1,1,1NTf2, (h) C4mimPF6, (i) P14,6,6,6NTf2, and (j) P14,6,6,6FAP of MPV. The equation 18 
and line of best fit, and the associated R2 of the regression are also shown. 19 
Conclusions 20 
The electrochemical properties of a Type II verdazyl radical – 1,5-dimethyl-3-phenyl-6-oxoverdazyl – has 21 
been studied in range of different RTILs and PC. It was found that the solvent environment significantly affected 22 
the shapes of the reduction peak, and – to a lesser extent – the oxidation peak. The oxidation peak was chemically 23 
reversible in most solvents, but the reduction peak was generally chemically irreversible in the RTILs, also 24 
displaying more sluggish kinetics of the electrochemical step. The oxidation peak was analysed by 25 
chronoamperometry on a microdisk electrode to extract diffusion coefficients, D. The values of D for the radical 26 
were 1-2 order of magnitudes smaller in the RTILs than in PC, consistent with the viscosity differences. A plot 27 
of D vs. the inverse of viscosity yielded a reasonably linear fit which suggests that the diffusion of 1,5-dimethyl-28 
3-phenyl-6-oxoverdazyl in RTILs complies with the predictions of simple hydrodynamic theory. Overall, the 29 
  
 13 
results show that different solvent environments significantly influence on the electrochemistry of 1,5-dimethyl-1 
3-phenyl-6-oxoverdazyl, and therefore careful selection of the RTIL is recommended for electrochemical 2 
applications using these verdazyl radicals.   3 
Supporting Information 4 
Chemical procedures for the synthesis of 1,5-dimethyl-3-phenyl-6-oxoverdazyl, along with full 5 
characterisation of the intermediates. 1H/13C NMR and IR spectra of all the intermediates and final product. ESR 6 
spectrum of the final radical. Chemical structures of RTIL cations and anions employed in this work. Photo of 7 
the verdazyl radical synthesized powder and dissolved in two RTILs. Cyclic voltammetry of the verdazyl radical, 8 
showing the wider scan range in PC and the 10 RTILs. Histograms of the peak current and peak potential in the 9 
different solvents in order of increasing viscosity. Plots of peak current vs. scan rate in all solvents, plot of charge 10 
ratios for the reduction peak as a function of scan rate in PC, and plot of ratio of oxidation to reduction peak 11 
current as a function of scan rate in all solvents. 12 
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